We report on the phase measurements on a quantum dot containing a single electron in the Kondo regime. Transport takes place through a single orbital state. Although the conductance is far from the unitary limit, we measure for the first time, a transmission phase as theoretically predicted of π/2. As the dot's coupling to the leads is decreased, with the dot entering the Coulomb blockade regime, the phase reaches a value of π. Temperature shows little effect on the phase behaviour in the range 30-600 mK, even though both the two-terminal conductance and amplitude of the AharonovBohm oscillations are strongly affected. These results confirm that previous phase measurements involved transport through more than a single level.
What is the transmission amplitude of an electron scattered off a Kondo cloud? The Kondo effect, first observed in bulk metals doped with small concentration of magnetic impurities [1] , manifests itself as an enhancement of the scattering rate below the Kondo temperature T K (the many-body energy scale of the Kondo correlated system), below which the impurity spin is totally screened by the conduction electrons in the host metal.
The Kondo effect was predicted [2, 3, 4] and experimentally observed [5, 6, 7] in a quantum dot (QD), which acts as a single magnetic impurity with tunable coupling to the screening electrons in the leads. In fact, a QD [8, 9] , a small confined region connected by two tunnel barriers to electron reservoirs, is characterised by an on-site charging energy U owing to its small capacitance; by level quantisation ǫ because of lateral confinement; and by homogeneous level broadening due to finite coupling, Γ. In addition, the QD energy levels can be tuned, allowing to change the QD occupancy N .
The Kondo effect in a QD is easily probed by conductance measurements. Conductance takes place approximately at the charge degeneracy points, involving, say, electrons 0 and 1, when the energy ǫ 0 to add the first electron to the empty dot is ǫ 0 ≈ 0 (or when ǫ 0 + U ≈ 0, to add a second electron with opposite spin). Away from these points only cotunneling, processes involving two or more simultaneous tunnelling events, occur and the conductance is expected to be suppressed. However, when N = 1, the Kondo effect allows for a substantial current flow if T T K , reaching a maximum conductance of G max = 2e
2 /h, the unitary limit, at T = 0. Strictly speaking, the Kondo regime is limited to the the parameter region −U + Γ ǫ 0 −Γ [7, 10] . If Γ/∆ǫ 0.5, one single orbital state is involved and
: with this definition
2 /h if the barriers are symmetric [7] . In the following we consider single level transport.
tions about the electron transmission phase. At T = 0 the conductance G and the transmission phase δ are related by G = G max sin 2 δ [7, 11, 12] , predicting a monotonic phase evolution with a phase rise of π/2 from N = 0 to N = 1, followed by a constant phase shift in the Kondo valley (ǫ 0 = −U/2), raising to π when the QD is doubly occupied, outside the Kondo region. At finite temperature, the monotonicity disappears, but even at T ≈ 10 T K , the transmission phase climbs only to 0.7π across the first peak before decreasing to π/2 in the Kondo valley [13] . At T ≫ T K , Kondo correlations are negligible and the well known result for the Coulomb regime is expected: a π rise across each peak [14, 15] and a phase lapse in the conductance valley, with a total phase evolution of π. For an arbitrary temperature, the phase can be calculated only by numerical renormalisation group [10]: these results, based on the single level Anderson impurity model, predict a smooth evolution between the Kondo and the Coulomb blockade regime.
Previous measurements of the phase shift by Ji et al. [16, 17] were obtained using an interferometer with the Kondo-dot placed in one of its arms. They found a phase evolution of about 1.5π across the two peaks, both in the non-unitary and in the unitary limit, the two phase evolutions differing only in the presence of a plateau situated at δ = π in the Kondo valley in the non-unitary case. A different approach was taken by Sato et al. [18] who studied the resonances induced by a Kondo-dot side coupled to a quantum wire. They deduced a phase shift of π/2 by analysing Fano resonances in the conductance.
There is by now vast theoretical evidence (for a summary, see [19] ) that the transmission phase depends on the specific properties of the QD's levels that participate in the transport. In this Letter we report on measurements on a QD in which transport takes place through a single level. To ensure this condition, we fabricated a QD, similar to the type described by Ciorga et al. [20] in which transport is still substantial when N = 1 electron [21] . This gives large level spacings, as the average [14, 16, 23] , four grounded bases collect the backscattered electrons and only two direct paths from emitter to collector are possible. A weak magnetic field B threading the island adds an Aharonov-Bohm (AB) phase ϕ AB = 2πφ/φ 0 to the electron, where φ is the magnetic flux enclosed by the electron path and φ 0 = h/e is the flux quantum. The coherent current at the collector is pro-
: the former part is weakly B-dependent, owing to the Lorentz force and the latter,
is periodic in the flux quantum; φ ′ is a constant interferometerdependent phase.
Referring to Fig. 1 , the device is fabricated on a two dimensional electron gas embedded in a AlGaAs/GaAs heterostructure, some 60 nm beneath the surface, with carrier density of 3. A quantum point contact (QPC) is situated in close proximity to the QD. It detects the average QD occupation, as the conductance through the QPC is affected by the electrostatic potential of the QD. In order to enhance the sensitivity of the detection, we employ the measuring scheme previously used by Sprinzak et al. [24] . Fig. 1(b) shows the dot's two-terminal conductance, together with the detector signal, revealing the QD absolute occupancy N = 0, 1, 2: a dip in the detector signal appears whenever the QD average occupation changes by one electron Two-terminal conductance measurements of the QD are taken between the bases in order to avoid the emitter and collector series resistance. From finite bias scans, we evaluate the charging energy to be U ≈ 3.0 ± 0.2 meV and the first excited state for the first electron to be ∆ǫ 0 = 0.80 ± 0.05 µeV, whereas for the second peak, the level spacing decreases to ∆ǫ 1 = 0.30 ± 0.05 µeV. We then tune the coupling of the QD to the leads so as to maximise the conductance of the first two peaks, with the constrain that the conductance in the N = 2 valley is to multilevel transport. On the offside, this results in a lower T K in the N = 1 valley.
The presence of Kondo correlations is verified by the following characteristics: the peaks' conductance being larger than G 0 = e 2 /h and the suppression of the peak conductance by the application of a finite bias [7] . Fig. 2(a) shows a series of two terminal conductance traces of the first two peaks, as a function of the temperature. Differential conductance traces for some plunger voltages are reported in Fig. 2 (b) at base temperature: the resonances at finite bias are probably induced by the reflectors.
Once the Kondo-enhanced peaks are identified, we set the emitter and collector QPCs of the interferometer to a conductance of 2 − 3 e 2 /h. We then open the reference arm and measure the ballistic current between emitter and collector with all bases grounded, while a weak magnetic field is swept, in the range of tens of mT. Typically, about 95% of the injected current is lost to the bases. The current at the collector shows AB oscillations with visibility (ratio between amplitude of the oscillations and average background) of about 20%. The period f 0 = 0.61 mT −1 corresponds to an area enclosed by the electron paths of 1.64 µm 2 , comparable to the interferometer area of 1.7 µm 2 .
The amplitude squared (T f lux ) 2 ∝ |t coh QD | 2 of the AB oscillations at the frequency f 0 is plotted in Fig. 3 , together with the phase evolution, as determined by Fourier analysis and normalised such that the maximum of (T f lux ) 2 coincides with the maximum of G 2t , the red trace in the Figure. This is based on the assumption that at T ≪ T K all transport processes are coherent [10, 11]. a value of ≈ 0.5π across the first peak and again ≈ 0.5π across the second peak, even though for the second peak the condition of single-level transport Γ/∆ǫ 2 0.5 is not strictly satisfied. In the valley, the coherent current is below the noise level and the phase evolution can barely be followed. This phase behaviour is in qualitative agreement with the prediction of Gerland et al.
[10] for transport through one orbital level and in disagreement with the previous measurement in a similar open interferometer of Ji et al. [16] . b) (T f lux ) 2 closely follows G 2t except in the N = 1 conductance valley: in fact G 2t includes also incoherent processes that do not contribute to the AB oscillations. An example of such processes are cotunneling events accompanied by spin-flips: for instance, a spin-up electron in the QD tunnels out and is replaced by a spin down electron from the lead [13, 25] . c) The turquois stars in Fig. 3 are calculated from the relationship G = G max sin 2 δ, valid outside the Kondo regime where T ≪ Γ/k B , Γ being there the lowest energy scale. Here we set G max = 2e
2 /h, as the couplings are approximately equal. It is evident that a different choice of G max would not give a better agreement.
A first conclusion can now be drawn: although the QD exhibits Coulomb blockade-like features (highly suppressed current in the valley) and only energy and temperature dependence reveal Kondo correlations, the phase evolution is drastically different to that in the Coulomb regime, proving the extreme sensitivity of the phase to correlations [13] .
We now proceed to decrease the QD coupling so as to decrease T K . We expect to see a transition to a π phase shift across each peak in the Coulomb blockade limit. Fig. (4) shows such transition of the phase evolution to the phase across the first two peaks is limited to π rise, indicating transport through the same orbital [19] .
The Kondo effect can also be suppressed by raising the temperature: we now proceed to measure the the temperature dependence of the phase, in the temperature range 30 − 600 mK, Fig. 5 . The measurements are taken in the following way: we tune the peaks at base temperature to have the required width, and scan the two-terminal and multi-terminal conductances at different temperatures.
A little re-tuning is sometimes required between one temperature value and the following as a typical phase scan requires approximately 10 hours.
Both G 2t and the AB oscillations are strongly affected by temperature: (T f lux ) 2 at the highest temperature is ≈ 30 times smaller than that at base temperature. However as for the phase, no temperature dependence is observed for the wide peaks (Γ = 180 and Γ = 110 µeV), up to 600 mK within the experimental error. For the narrow peak, Γ = 80 µeV, the phase is 0.8π at base temperature and increases to π at T = 300 mK. This is consistent with the robustness of the phase evolution pointed out by Silvestrov et al. [13] .
In conclusion we have shown that the transmission phase through a QD evolves from a π phase shift in the Coulomb regime to ≈ π/2 in the Kondo and it persists at temperatures up to 5 − 10 times T K . A temperature induced change of the phase evolution could only be seen with the smallest coupling. These results provide some more insight in the previously measured phase evolution through a QD. We are in the position to identify three distinct behaviours: 1) Γ ≈ k B T gives the Coulomb blockade result π, for the transmission phase; 2) Γ 30k B T , the Kondo result of π/2; 3) Γ ≫ ∆ǫ, i.e. multilevel transport [14, 23] , a π phase rise across each peak.
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